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The occurrence of iduronic acid in the cell surface glycoprotein of halobacteria is described. This hexuronic 
acid is not only found in protein-linked oligosaccharides in halobacteria but does also exist in the cor- 
responding dolichol-linked precursors. These findings were unexpected, as iduronic acid is a typical constitu- 
ent of animal ~ycosamino~ycans, and its biosynthesis is so far known to occur by epimerization of a gluc- 
uranic acid residue within the completed carbohydrate chain finked to protein. 
Iduronic acid Dolichyl oligosaccharide 
1. INTRODUCTION 
Halobacteria, which belong to the kingdom of 
archaebacteria, possess a true glycoprotein [l] that 
is hexagonauy arranged at the outer surface of 
their cell membranes 121. This cell surface 
glycoprotein contains 2 different types of 
sulphated glycoconjugates [3]. Besides a repeating 
unit carbohydrate chain [4-61, oligosaccharides 
were detected, which consist mainly of Glc and 
Gl~UA-sulphate, and are linked to the protein via 
asparaginylgfucose [7], Detailed biosynthetic 
studies have revealed that: (i) completely sulphated 
dolichyl monophosphate oligosaccharides erve as 
precursors of this type of glycoconjugates [8]; and 
(ii) transient methylation of a peripheral glucose 
residue of these intermediates i  an obligatory step 
in the biosynthesis of sulphated glycoproteins in 
halobacteria [9]. Application of these oligosac- 
charide intermediates of a mild and effective 
method of carbohydrate hydrolysis and subse- 
quent gas-liquid chromatography-mass spec- 
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troscopy (GLC-MS) revealed an as yet undetected 
hexuronic acid. Here we show that this hexuronic 
acid is iduronic acid, a finding that was unexpected 
for 2 reasons: (i) iduronic acid as a constituent of 
protein-linked carbohydrates has as yet exclusively 
been detected in eucaryotic organisms, and (ii) in 
all systems studied, iduronic acid is formed in 
glycoconjugates at the protein-linked level by 
epimerization of glucuronic acid residues [IO], but 
has not been reported so far to occur in lipid 
oligosac~haride intermediates. 
2. EXPERIMENTAL 
2.1 w isolation of oiigosaccharides 
Isolation of pronase-derived glycopeptides from 
the cell surface glycoprotein of ~a~obacteri~~ 
halobium as well as isolation of halobacterial 
dolichol phosphate oligosaccharide sulphates were 
performed as described [7,8]. Oligosaccharides 
were isolated from dolichyl oligosaccharides after 
mild acid hydrolysis by partitioning between water 
and chloroform and subsequent chromatography 
on Bio-Gel P2 as in [8,9]. 
2.2. Carbohydrate analysis 
Calorimetric assays for neutral hexoses were ac- 
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cording to [t 11 with Glc as standard and for hex- 
uranic acids according to [12] with glucuronic acid 
as standard. Preparation of monosaccharides for 
GLC as their alditol acetates was according to [13]. 
For mild and efficient hydrolysis of uranic acid- 
containing saccharides, samples were subjected to 
methanolysis in 0.5 M HClKHsOH at 80°C for 
24 h in a sealed tube under reduced pressure. By 
this method, which is less destructive than aqueous 
acid hydrolyses, neutral sugars give rise to their 
methylglycosides, and uranic acids to their cor- 
responding methyluronic acid methyl esters. These 
compounds without further derivatization can be 
converted to their volatile pentafluoropropionyl 
derivatives according to [14], where trifluoro- 
acetylation of methylglycosides is described. The 
advantage of pentafluoropropionylation over tri- 
fluoroacetylation is that virtually all peaks due to 
penta~uoropropionylation of Glc and GlcUA can 
be separated on GLC supports of medium polarity 
(one methylg~ycoside can give rise to up to 4 peaks 
according to the QT- and fl-anomers of the furanose 
as well as the pyranose form). For analysis by 
GLC-MS the samples after methanolysis were 
dried in a gentle stream of nitrogen, and after addi- 
tion of 100 ~1 CHzCl2 (Merck, p.A.) and of 100 ~1 
pentafluoropropionic anhydride (Pierce) the tube 
was again sealed and incubated at 100°C for 
30 min. After concentration by gently blowing 
nitrogen, aliquots were directly subjected to GLC. 
The samples must not be dried completely to avoid 
eventual loss of the highly volatile derivatives. 
To optimize the yield of free iduronic acid, 
samples were hydrolyzed with sulphuric acid ac- 
cording to [15]. For conversion to their alditol 
acetates, the resultant monosaccharides were 
Cl-reduced with sodium [‘H]borohydride and 
c~boxyl-reduced with sodium [2H]borohydride as 
described [S]. 
Fig.1. GLC-MS analysis of otigosaccharides B-J in fig.1 in 191. The sample was methanolyzed and subsequently 
derivatized with pentafluoropropionic anhydride. The total ion profile (from m/e = 40-400 amu) is shown. Details are 
given in section 2. 
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2.3. GLC-MS 
A Hewlett-Packard 5995 GLC-MS system 
equipped with a 30 m Durabond 1701 capillary 
column (ICT, Frankfurt) was used. With pen- 
tafluoropropionyl derivatives, the temperature im- 
mediately after injection was linearly raised by 
2”C/min, starting at 120°C. Peralditol acetates 
were chromatographed from 200 to 250°C with a 
linear increase of 2”C/min, and with partially 
methylated peralditol acetates a program was run 
from 140 to 25O”C, again with an increase of 
2”C/min. Injector temperature was 22O”C, and 
transfer line temperature 28O”C, throughout. 
3. RESULTS 
Carbohydrate analyses after aqueous acid 
hydrolyses of Asn-Glc-linked oligosaccharides as 
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Fig.2. (A) GLC-MS analysis of the sample as in fig. 1. The sample after methanolysis was hydrolyzed to yield the free 
monosaccharides, reduced Cr with sodium [‘Hlborohydride, carboxyl-reduced with sodium [2H]borohydride and 
subjected to GLC-MS after conversion to the corresponding peralditol acetates. Total ion profile (from m/e = 
40-400 amu) is shown. For details see text. (B) Mass spectrum of the material corresponding to the peak lettered Ido. 
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well as of their precursors isolated from dolichyl 
intermediates revealed the presence of Glc and 
GlcUA (and 3-0-methyl-Glc in some lipid in- 
termediates). Using a different method of 
hydrolysis, the occurrence of an additional hex- 
uranic acid could be established. After acid 
methanolysis of the oligosaccharides (e.g. material 
of peaks B-J of fig.1 in [9]) and subsequent 
analysis by GLC-MS of their pentafluoropro- 
pionyl derivatives (see section 2), a total ion profile 
was obtained as shown in fig.1. All of the peaks 
could be assigned to known constituents of the 
oligosaccharides, besides 2 that are lettered x in the 
figure. Their mass spectra showed fragments 
typical for hexuronic acids. Therefore, the 
methylglycosides after methanolysis were hydro- 
lyzed and converted to the corresponding peral- 
ditol acetates, labeled with two *H atoms at carbon 
6 and analyzed by GLC-MS. The corresponding 
total ion profile is shown in fig.2A. Besides 3-0- 
methyl-Glc and Glc (resulting from Glc plus 
GlcUA) an additional compound appeared, eluting 
from the column after Glc and yielding the mass 
spectrum of a Ce-[*Hz]hexitol hexaacetate (see 
fig.2B). By comparison with commercially 
available authentic hexoses (Sigma), this com- 
pound was found to be Cs-[*Hz]itol hexaacetate. 
Accordingly, the unknown hexuronic acid must be 
iduronic acid. For further analysis the reduced 
oligosaccharide B in fig.1 in [9] was subjected to 
permethylation. The permethylated saccharide 
containing uranic acid methyl esters was reduced 
with sodium [‘Hlborohydride, and after hy- 
drolysis, the resulting partially methylated 
alditols analyzed by GLC-MS as their acetate 
derivatives. A corresponding total ion profile is 
shown in fig.3. The following structural elements 
could be correlated with the 4 peaks identified: 
peak 1 corresponds to the reduced reducing-end 
Glc residue, peak 2 to a peripheral Glc (or 3-0- 
methyl-Glc) residue, and peak 4 to (l-4)-linked 
glucuronic acid residues. Peak 3 gave rise to a mass 
spectrum identical with that of peak 4. Therefore, 
this compound must be assigned to the iduronic 
acid residue, which accordingly occurs in (l-4)- 
linkage in the oligosaccharide. Analysis of several 
Asn-Glc-linked oligosaccharide peptides from the 
cell surface glycoprotein of halobacteria [7,8], as 
well as from their flagellae [16], revealed the 
presence of iduronic acid as well. 
4. DISCUSSION 
The hitherto unknown uranic acid of the 
sulphated oligosaccharides from the halobacterial 
cell surface glycoprotein is iduronic acid. This 
finding completes earlier data on the structure of 
these unusual glycoconjugates, which are linked to 
protein via the unit Asn-Glc [7-91. The saccharides 
can be described as follows: 
Fig.3. GLC-MS analysis of the material corresponding to peak B in fig.1 in [9] after permethylation. Total ion profile 
(from m/e = 4-400 amu) is shown. For details ee section 2. (1) 4-0-Acetyl-1,2,3,5,6-penta-O-methylhexitol; (2) 1,5-di- 
O-acetyl-2,3,4,6-tetra-0-methylhexitol; (3 and4) 1,4,5,6-[2H]~tetra-O-acetyl-2,3-di-O-methylhexitols. 
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HexUA( 1 +rl)HexUA( 1+4)HexUA( 1_4)Glc, and 
Glc( l--r4)HexUA( 1_4)HexUA( 1 --+rl)Glc, or 
Glc( 1-+4)HexUA( l -4)HexUA( 1 -+ 4)- 
HexUA( l -4)Glc, 
with one of the chain-standing HexUA residues in 
each of the saccharides being iduronic acid. Fur- 
thermore, this iduronic acid was also found to be 
present in the corresponding dolichol-linked 
precursors. Both results were unexpected, as 
iduronic is a main constituent of the animal 
glycosaminoglycans, and there is only one report 
of IdUA occurring in the kingdom of eubacteria, 
namely in a type-specific cellular polysaccharide of 
strain Hobb 10 of Clostridium perfringens [17]. In 
addition, the only biosynthetic pathway known so 
far leading to iduronic acid involves epimerization 
of chain-standing GlcUA residues, after comple- 
tion of the carbohydrate at the protein-linked level 
[lo], where sulphation also occurs. These striking 
differences in biosyntheses in halobacteria and 
eucaryotes could well be explained in terms of the 
following argumentation: as halobacteria lack 
organelles analogous to the Golgi apparatus (the 
site in mammalian cells of sulphation and 
epimerization of sulphated glycoproteins), these 
archaebacteria must have developed a different 
biosynthetic pathway leading to their sulphated 
glycoproteins. Our present working hypothesis is 
that the oligosaccharide is completed and 
sulphated being attached to the inside of the cell 
membrane via a dolichyl residues, thus able to 
serve as a compartmentalized substrate for a com- 
plex of the different (membrane-linked) biosyn- 
thetic enzymes using water-soluble precursor 
molecules for the construction of the sulphated 
oligosaccharide. After completion, the dolichol 
phosphate oligosaccharide sulphates are trans- 
ported to the cell surface (most probably by a 
mechanism involving transient methylation of 
their peripheral Glc residue A), where transfer of 
the carbohydrate to the core protein occurs. 
Several lines of evidence indicate that in 
halobacteria this transfer actually does take place 
at the cell surface [4,9,18], which therefore could 
be regarded to be functionally analogous to the 
lumen of the rough endoplasmic reticulum in 
animal cells. 
As to the iduronic acid, we do not yet know 
whether it is incorporated into the lipid-linked 
precursor from a nucleotide-activated induronic 
acid or is generated within the dolichyl phosphate 
oligosaccharides by epimerization of a glucuronic 
acid residue. 
ACKNOWLEDGEMENTS 
We thank Miss S. Stammler for expert technical 
assistance, and Mrs H. Trommer for typing the 
manuscript. This work was supported by the 
Deutsche Forschungsgemeinschaft (SFB 43, 
Regensburg). 
REFERENCES 
[II 
PI 
[31 
141 
PI 
161 
171 
PI 
PI 
WI 
1111 
WI 
[I31 
1141 
WI 
1161 
1171 
1181 
Mescher, M.F. and Strominger, J.L. (1976) J. Biol. 
Chem. 251, 2005-2014. 
Houwink, A.L. (1956) J. Gen. Microbial. 15, 
146-150. 
Wieland, F., Domport, W., Bernhardt, G. and 
Sumper, M. (1980) FEBS Lett. 120, 110-114. 
Wieland, F., Lechner, J., Bernhardt, G. and 
Sumper, M. (1981) FEBS Lett. 132, 319-323. 
Wieland, F., Lechner, J. and Sumper, M. (1982) 
Zentralbl. Bakteriol. Hyg., I. Abt. Orig. C3, 
161-170. 
Paul, G., Lottspeich, F. and Wieland, F. (1986) J. 
Biol. Chem., in press. 
Wieland, F., Heitzer, R. and Schaefer, W. (1983) 
Proc. Natl. Acad. Sci. USA 80, 5470-5474. 
Lechner, J., Wieland, F. and Sumper, M. (1985) J. 
Biol. Chem. 260, 860-866. 
Lechner, J., Wieland, F. and Sumper, M. (1985) J. 
Biol. Chem. 260, 8984-8989. 
Roden, L. (1981) in: The Biochemistry of 
Glycoproteins and Proteoglycans (Lennarz, W.L. 
ed.) pp.267-371, Plenum, New York. 
Dreywood, R. (1946) Ind. Eng. Chem. Anal. Ed. 
18, 499 (Abstr.). 
Blumenkrantz, N. and Asboe-Hansen, G. (1973) 
Anal. Biochem. 54, 484-489. 
Spiro, R.G. (1972) Methods Enzymol. 28, 3-43. 
Zanetta, J.P., Breckenridge, W.C. and Vincendon, 
G. (1972) J. Chromatogr. 69, 291-304. 
Lindhal, U. and Axelsson, 0. (1971) J. Biol. Chem. 
246, 74-82. 
Wieland, F., Paul, G. and Sumper, M. (1985) J. 
Biol. Chem., in press. 
Lee, L. and Cherniak, R. (1974) Carbohydr. Res. 
33, 387-390. 
Mescher, M.F. and Strominger, J.L. (1978) in: 
Energetics and Structure of Halophilic Organisms 
(Caplan, S.R. and Ginzburg, M. eds) pp.503-513, 
ElsevierINorth-Holland, Amsterdam, New York. 
81 
